This study developed a new statistical strategy for analyzing clone library data to observe whether there is a defined pattern in structural responses of gut microbiota to environmental perturbations. A large clone library of genus Bacteroides was constructed with fecal samples for each subject in rotavirus-infected (Group R) and healthy children (Group H). In all, 665 clones of the 12 Group H subjects and 284 clones of the nine Group R subjects were sequenced and classified into 34 operational taxonomic units (OTUs) with a similarity cutoff at 98%. Partial least squares-discriminant analysis was used to observe the change of the Bacteroides spp. composition caused by rotavirus infection and to identify the most relevant species contributing to this shift. It was revealed that H subjects and R subjects were well separated. Bacteroides vulgatus, Bacteroides stercoris and Bacteroides fragilis were identified as the most important discriminating OTUs between two groups. The increased abundance of B. fragilis and the decreased populations of B. vulgatus and B. stercoris in infected guts observed in this study were in agreement with previous culture-based studies. The strategy developed in this work can be used to reveal patterns in structural responses of gut microbiota to environmental perturbations from large-scale 16S rRNA gene-based sequencing data.
Introduction
The gut microbiota functions as an essential organ in nutrition, immunity and physiology in human hosts (Nicholson et al., 2004) and it has been recognized that infections can cause changes in intestinal bacteria (Wang et al., 2004a) . Whether specific structural patterns of intestinal microbiota are related to certain diseases remains unclear because of the complexity of the intestinal bacteria and the limitations of culture-based methods (Zoetendal et al., 2006) . The first attempt to comprehensively profile human gut microbiota has demonstrated that a relatively complete and species-level assessment of gut microbiota is feasible using high throughput sequencing of 16S rRNA genes and appropriate statistical analysis (Eckburg et al., 2005) . The continued reduction in the cost of sequencing and the newly developed 454-pyrosequencing technique have made high throughput sequencing an affordable tool in many labs for generating sequence profiles of gut microbiota, and together with proper analysis may reveal the pattern of the alteration of intestinal bacterial composition related to various diseases (Eckburg et al., 2005; Ley et al., 2005; Margulies et al., 2005; Andersson et al., 2008; McKenna et al., 2008) .
Partial least squares (PLS) analysis is a multivariate analysis method that was developed in the field of chemometrics and is now widely applied in many fields, such as biology, pharmacy and clinical chemistry (Geladi & Kowalski, 1986; Perez-Enciso & Tenenhaus, 2003) . One main advantage of PLS is its ability to deal with datasets with a large number of variables but a few observations; the other advantage is that it reveals the important variables in the model (Perez-Enciso & Tenenhaus, 2003; Wang et al., 2005) . Although PLS has proved to be a powerful tool in biology and clinical fields (Perez-Enciso & Tenenhaus, 2003; Fort & Lambert-Lacroix, 2005) , it has never been applied in 16S rRNA gene clone library data analysis to our knowledge. In this study, PLSdiscriminant analysis (PLS-DA), an extended version of PLS for classification problems, was used as a basic method to extract structural shift patterns of gut microbiota caused by environmental perturbations. The PLS-DA models were then supplemented with a test of significance to identify the important species contributing to the transition, using the method proposed by Westad & Martens (2000) and . According to Martens, this kind of method to assign variable importance may be used to 'avoid misinterpreting spurious effects, to identify the dominating sources of instability in the modeling and to allow more or less automatic optimization of the models' .
Rotavirus-infected diarrhea is a perturbation to the host caused by the virus. Many previous studies have focused on the epidemiology of this disease, but seldom on alteration of the intestinal bacterial composition (Corthier et al., 1985; Moreau et al., 1986; Fujita et al., 1990; Tazume et al., 1990; Guerin-Danan et al., 1997) , although probiotics have been demonstrated to be effective in the therapy of this disease (Saavedra et al., 1994; Guarino et al., 1997; Guandalini et al., 2000) . In this study, 12 healthy children and nine rotavirusinfected children were selected. Because of the complexity of the intestinal microbiota and as a proof-of-principle experiment, we used a group-specific clone library profiling technique to focus on the structural alteration of the Bacteroides spp., one of the major members of the microbiota and significant contributors to the host metabolism (Salyers, 1984) . We were able to show structural separation between healthy and rotavirus-infected gut microbiota and to identify key species contributing to this separation using PLS-DA as a major statistical tool.
Materials and methods

Collection of fecal samples and DNA extraction
Two groups of children were involved in this study. Twelve healthy children (H1-H12) who had no intestinal disease were randomly selected from a local kindergarten as Group H. Nine rotavirus-infected children (R1-R9) were recruited from Shanghai Xinhua Hospital as Group R (Table 1 ). The fecal samples of Group R were collected before the therapy and confirmed as rotavirus-positive by the hospital using a commercial kit (Diarlex-Rota, Orion Diagnostica, Finland). The individual clinical symptoms of Group R are listed in Table 2 .
None of the children involved in this study has received any antibiotic medication for at least 3 months before the collection of their feces. The body mass index [BMI = weight (kg)/height 2 (m 2 )] (http://www.cdc.gov/growthcharts/) value of each child falls in 5-95th percentile according to the CDC definition. These children did not receive any special dietary regimen and this study was performed with their parents' consent.
Stool samples were collected in ice-cold sealed plastic centrifuge tubes and transported to the laboratory within 1 h after defecation. Fecal DNA was extracted using the QIAamp DNA Stool Mini Kit (Qiagen, Hilden) according to the manufacturer's protocol (McOrist et al., 2002; Li et al., 2003) , with the modification that the suspension was heated for 5 min at 95 1C after adding buffer ASL. The DNA concentration was determined using a DyNA quant TM 200 fluorometer (Amersham Pharmacia Biotech), and calf thymus DNA (Pharmacia Biotech, Uppsala, Sweden) was used as the standard DNA. Its integrity was evaluated by electrophoresis in 0.8% (w/v) agarose gel containing ethidium bromide (0.25 mg mL À1 ). 0 (E. coli positions 594-617)], were first designed for the Bacteroides fragilis group and then considered to be specific for Bacteroides genus, which targeted the 16S rRNA gene to produce a 230-bp product (Shan & Collins, 1989; Liu et al., 2003; Pang et al., 2005) . The PCR mixture (25 mL) contained 0.625 U of Ex Taq DNA polymerase (Takara, Dalian, China), 1 Â Ex buffer, 20 pmol of each primer, 50 mmol each dNTP and 10 ng of fecal DNA. The amplification was performed in a thermocycler PCR system (PCR Sprint, Thermo electron Corp., UK) using the following program: 30 cycles of 95 1C for 20 s, 
Primers and PCR amplification
Construction of clone libraries and sequencing analysis
Bacteroides genus-specific PCR product of each individual was excised from a 1.5% agarose gel and purified using the DNA Gel Extraction Kit (V-gene, Hangzhou, China) following the manufacturer's instructions. The purified PCR products were ligated using the pGEM-T easy vector (Promega) at 4 1C overnight and electrotransformed into competent E. coli DH5a cells. The clones were screened using Luria-Bertani medium with ampicillin (100 mg mL À1 ) and with isopropyl-b-D-thiogalactopyranoside (IPTG) and 5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside (XGal). White clones were randomly selected from each clone library. Cloned fragments were sequenced by a commercial biology company (Invitrogen Co., Shanghai, China) using the ABI 377 sequencer. Sequences were aligned to the Ribosomal Database Project II (RDP II) running in the LINUX-based ARB package, and operational taxonomic units (OTUs) were defined to consist of all sequences with o 2% divergence. A sequence-associated information (SAI) filter was constructed (FMX: filter by maximum frequency; Minhom 75%; Maxhom 100%) to exclude the ambiguous nucleotide positions. Clones were matched to their nearest relatives according to RDP II and the National Center for Biotechnology Information database (http:// www.ncbi.nlm.nih.gov) and an unknown sequence was defined as one with o 98% similarity to the known sequence in the GenBank.
To assess whether the two libraries were of sufficient size to obtain meaningful stable richness estimates, two nonparametric richness estimators, S Chao1 (Chao, 1984 (Chao, , 1987 and S ACE (Chao et al., 1993) , were calculated for each clone library using a web-based program (http://www.aslo.org/ lomethods/free/2004/0114a.html) (Kemp & Aller, 2004) .
Multivariate analysis
Principal component analysis (PCA), PLS-DA and the uncertainty test analysis were performed using the MATLAB s environment. Redundancy analysis (RDA) was performed using CANOCO s software (version 4.5, developed by Cajo J.F. ter Braak and Petr Šmilauer).
In PLS-DA, 21 children were classified into two groups according to whether they had rotavirus-infected diarrhea (Y = 1) or not (Y = 0). The total sequences of all subjects were divided into OTUs and the proportion of each OTU (X) in each subject was calculated. A PLS-DA model was then established by relating these OTU proportions (X) to their corresponding rotavirus infection index (Y). Data were centered before performing PLS-DA.
Initially, the optimal size of the model was determined through leave-one-out cross-validation (LOOCV) with different numbers of PLS components, i.e. each time, one sample was left out and the remaining 20 samples were used to build a model to predict the sample left out (Wold, 1978) . A model giving relative higher prediction accuracy and lower component number is considered to be optimal. The model predication accuracy was estimated by taking the prediction mean of the 21 submodels and was expressed as the cross-validated correct classification rate, i.e. the number of samples that were correctly classified divided by the total number of samples. Then, variable importance analysis was performed according to the method proposed by Westad & Martens (2000) at a significance of P = 0.1. Briefly, with the defined 'optimal' size, different sub-PLS-DA models were constructed by leaving out one subject at a time. Based on the obtained regression coefficients of each submodel, the uncertainty of each variable (OTU) was then checked.
Nucleotide sequence accession number DNA sequences in this study have been deposited in GenBank under accession numbers DQ826750-DQ827698.
Results
Construction of the clone libraries
Twelve clone libraries from Group H and nine clone libraries from Group R were constructed. The S Chao1 and S ACE were calculated for each library and plotted to the library size. In all, 665 clones in Group H and 284 clones in Group R were sequenced. For the 21 libraries constructed, the S Chao1 and S ACE all reached an asymptote (Fig. 1a) , which indicated that the libraries were large enough to yield stable phenotype richness estimates. All the sequences were delineated into OTUs using different divergence values ranging from 0% to 7% (Fig. 1b) ; 2% was selected as the cutoff value because the stricter value will cut into subspecies level and generate too high a microdiversity for OTU distribution. A total of 34 OTUs was obtained. The distribution of these OTUs is shown in Fig. 2 .
PLS-DA
The first two score plot of the PLS-DA model showed that healthy children and rotavirus-infected children were well separated, except for R4 (Fig. 3a) . Upon reviewing the clinical records, we found that the symptoms of R4 were not as serious as those for the other rotavirus-infected children; he went to the hospital on the third day after onset of diarrhea and the maximum number of diarrheal stools
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per 24 h was 3-4, with no vomiting. Thus, it is possible that at that time the microbial structure of this child had not been significantly disturbed (Table 2) .
In LOOCV, a PLS model with two components yielded the highest correct classification rate, 86%. Three OTUs, OTU10, OTU6 and OTU27, were identified as the most important in discriminating healthy children from rotavirus-infected children (Fig. 3b) . OTU10 was nearest to Bacteroides vulgatus with 99% homology. OTU6 was nearest to Bacteroides stercoris with 98% homology. The two OTUs were detected in most healthy children with higher occurrence or abundance (Fig. 2) . Eleven of the 12 healthy children had OTU10 and eight had a concentration 4 60% of this OTU, whereas six of the nine infected children had this OTU and only one child had a concentration of this OTU 4 60%. In all, 42% of the healthy children and 21% of the rotavirus-infected children had OTU6. OTU27 was nearest to B. fragilis with 100% similarity, which was common in rotavirus-infected children in this study. Eight of nine diseased children had this OTU, and seven children had a concentration 4 20%, but in the 12 healthy children only five had this OTU and only one had a concentration 4 20%. One-way ANOVA revealed that the selected OTU10 (P o 0.05) and OTU27 (P o 0.05) showed a significant difference between the two groups, whereas OTU6 and the rest of the OTUs did not.
A new PLS-DA model was established based only on OTU10 and OTU27; the cross-validated correct classification rate was 71%. However, when the three OTUs, OTU6, OTU10 and OTU27, were used, the model yielded the highest correct classification rate, 86%, with two components, i.e. the extracted three OTUs provided the same predictive effect with the original model established with 34 OTUs. This is an indication that these three OTUs responded with a specific pattern to rotavirus infection. Thus, the three OTUs selected in this study may have potential as biomarkers for the differentiation between healthy children and rotavirus-infected children.
RDA and PCA
RDA, a direct gradient analysis method to maximize the explained variance with the dependent variables by a linear combination of the explanatory variables (Israels, 1984) , was also applied to the data. The result indicated that OTU6, OTU10 and OTU27 predominated in the 34 OTUs and OTU27 was closely related to the rotavirus-infected diarrhea (Fig. 4) .
PCA was used in this study to analyze the Bacteroides spp.-specific clone library data (Fig. 5) . The first two principal components (PC1 and PC2) explained considerable variance (PC1 = 46.48% and PC2 = 22.48%). In PCA score plot (PC1 vs. PC2), all the healthy children except H11 were assembled together. R8, R4 and H7 were still located between the two groups as in the PLS-DA score plot.
Discussion
16S rRNA gene phylogenetic analysis has become a commonly used approach for studying complex microbial populations in many ecosystems (Giovannoni et al., 1990; Suau et al., 1999) . The increasing amounts of large-scale metagenomic sequencing data continue to require the development of more effective analytical tools. The multivariate statistical analysis used in this work allowed us to visualize group separation according to the sequence information and to extract the most important variables contributing to this separation. The PLS1-PLS2 score plot indicated that healthy subjects were separated from rotavirus-infected individuals and the variable importance analysis pointed out that this differentiation was most related to three OTUs -OTU6, OTU10 and OTU27.
The selection of the phylotypes by PLS-DA of phylogenetic sequencing data was in good agreement with the results of previous investigations. In this study, OTU10, which was nearest to B. vulgatus, was abundant in most healthy children and the proportion of this OTU was significantly different between the two groups (one-way ANOVA, P o 0.05). It has been found that B. vulgatus was more abundant than the other members in the B. fragilis group in the fecal samples of healthy volunteers using a culture-dependent method (Meijer-Severs & van Santen, 1986) . Corthier et al. (1996) , using monoclonal antibodies, detected B. vulgatus in the fecal samples of 50 healthy adults, and B. vulgatus was found to exist at high levels in most healthy human intestines. Furthermore, they also showed that the population level of B. vulgatus was not influenced by minor environmental variations. Conte et al. (2006) quantified the mucosa-associated bacteria in diseased children with Crohn's disease, ulcerative colitis or indeterminate colitis and controls. Their results indicated that the occurrence of B. vulgatus was lower in diseased children. This may suggest that B. vulgatus is abundant in healthy individuals but that when the intestinal environment changes significantly, as occurs in some intestinal diseases, the quantity of B. vulgatus decreases. Although the disease studied in this work was caused by a virus, the clones closely affiliated to B. fragilis increased in rotavirus-infected children, consistent with reports that B. fragilis is often found in diarrhea and clinical infections, and is thought to be an important cause of abscesses, extraintestinal infections and enteric pathogen in humans (Myers et al., 1987; Duerden, 1994; Sack et al., 1994) . In this study, OTU6, which was nearest to B. stercoris, was detected in 42% of the healthy children and 21% of the rotavirus-infected children. Bacteroides stercoris has also been detected in healthy people by Dick et al. (2005) . There was no significant difference in OTU6 between the two groups according to one-way ANOVA, but the correct classification rate of the PLS-DA model based on OTU10, OTU27 and OTU6 increased to 86%, compared with 71% based only on OTU10 and OTU27. This indicates that OTU6 was also an important variable in the classification and that the variable selection method we used outperformed classical ANOVA in finding the variables important in group differentiation.
As a pilot study, group-specific primers were used to detect Bacteroides spp. specifically (Pang et al., 2005) instead of all the bacterial species. Although the sequenced fragment was a little short, the aim of this study was not to do a phylogenetic survey, and in our analysis an SAI filter was constructed to exclude the ambiguous nucleotide positions so that they would not interfere with the comparison between the two groups.
It should be noted that whether the shifting pattern of these three OTUs is specific to rotavirus-infected diarrhea is still an open question. We need to analyze more samples from more types of diseases to determine the specificity of this pattern. Obviously, there will be more structural patterns identified if we use clone libraries to profile the whole gut microbiota. However, the strategy used here could reveal characteristics of alteration of intestinal bacterial composition under certain perturbations and give us a hint as to which bacteria are involved, especially for unknown diseases.
In our study, the output of the clone library has 34 OTUs; 21 subjects are available. One of the most popularly applied methods for such complex data is PCA (Franklin et al., 1999; Wang et al., 2004b) . A limitation of PCA is that the construction of the model does not take Y into account, and therefore the obtained new X variables may be weakly related to Y (Geladi & Kowalski, 1986; Barker & Rayens, 2003) . PLS overcomes this problem by considering both X and Y during the new variable construction; therefore, the newly obtained PLS variables may reveal the relationship between X and Y better than PCA does (Barker & Rayens, 2003) . PLS can be used to solve both regression and classification problems (Rudi et al., 2004; Idborg et al., 2005) and is being increasingly applied for classification. Nguyen & Rocke (2002) applied PLS in the study of the microarray gene expression data and concluded that PLS was superior to PCA for classification. Wang et al. (2005) used a combination of LC/MS and PLS-DA to compare type 2 diabetes mellitus (DM2) patients with healthy persons, and found that DM2 patients could be differentiated from healthy persons . In our case, PCA distinguished the Group H children from most of the rotavirus-infected children, but not as clearly as PLS-DA, and the relevant OTUs contributing to the differentiation could not be identified either. It should be pointed out that PLS-DA combined with the uncertainty test is one of the multivariate analysis methods that can be used in our study. This method was selected due to its ability to provide more details of the stability of the model and the variable importance.
This study indicated that alteration of the Bacteroides genus composition was caused by rotavirus infection. We put forward a new strategy to extract this information, showing that the combination of clone library analysis and multivariate analysis was very powerful in visualizing and characterizing the change caused by a perturbation. Multivariate statistical analysis in this study provided a satisfactory classification, and the identification of the important OTUs had a sound biological basis. The methods used to distinguish rotavirus-infected diarrhea in this study can also be applied to investigations of other diseases and will provide a convenient way of monitoring the effects of various perturbations in clinical situations. This is a promising method to help unravel the ecological mechanisms of the gastrointestinal tract disorders, recognizing the irregularities in the architecture of microbial communities in various diseases, and eventually providing biomarkers for manipulating host health. 
